Progressive rod-cone degeneration (PRCD) is a photoreceptor outer segment (OS) disc-specific protein with unknown function that is associated with retinitis pigmentosa (RP). The most common mutation in PRCD linked with severe RP phenotype is substitution of the only cysteine to tyrosine (C2Y). In this study, we find that PRCD is post-translationally modified by a palmitoyl lipid group at the cysteine residue linked with RP. Disrupting PRCD palmitoylation either chemically or by genetically eliminating the modified cysteine dramatically affects the stability of PRCD. Furthermore, in vivo electroporation of PRCD C2Y mutant in the mouse retina demonstrates that the palmitoylation of PRCD is important for its proper localization in the photoreceptor OS. Mutant PRCD C2Y was found in the inner segment in contrast to normal localization of WT PRCD in the OS. Our results also suggest that zDHHC3, a palmitoyl acyltransferase (PAT), catalyzes the palmitoylation of PRCD in the Golgi compartment. In conclusion, we find that the palmitoylation of PRCD is crucial for its trafficking to the photoreceptor OS and mislocalization of this protein likely leads to RP-related phenotypes.
Retinitis pigmentosa (RP) 2 is an inherited retinal disorder characterized by the progressive loss of photoreceptor cells leading to blindness (1, 2) . RP is the most common blinding disease worldwide with a prevalence of 1 in 4000 (3) (4) (5) (6) . To date, there have been over 50 genes including PRCD that are linked to RP (1, 7) .
PRCD is a highly conserved small 53-54-amino acid residuelong protein (8, 9) . So far, six mutations in PRCD are linked to RP in humans (8, 10 -12) . Among these mutations, the most common is homozygous C2Y observed in humans and 29 different dog breeds (8, 13) . This sole cysteine in PRCD is highly conserved among vertebrate species (8, 12, 13) . In dog, cysteine mutation leads to disorganization of photoreceptor outer segment disc membranes (14, 15) . However, the precise role of PRCD in photoreceptor neurons is still unclear.
A proteomic study demonstrated that PRCD is one of 11 proteins exclusively present in the photoreceptor outer segment (OS) disc membrane (16) . The presence of PRCD within the OS disc membranes suggests that it plays an important role in photoreceptor function and/or maintenance. However, unlike the other proteins present in the OS disc, PRCD has no known function. Furthermore, association with the disc membrane is perplexing because PRCD has no known transmembrane domain. However, it is likely that the predicted N-terminal ␣-helix contributes to the interaction of PRCD with membranes. Interestingly, multiple mutations in this highly conserved N-terminal region are associated with RP in humans, suggesting the importance of this region in PRCD function. Our sequence analysis predicts structural domains that include transmembrane helices (aa 3-15), a polybasic region (aa 16 -18) , and a unique cysteine in the N terminus at the second position (aa Cys-2), which is likely palmitoylated (predicted using the CSS-Palm site prediction software). Additionally, heterozygous mutations (R17C and R18X) in the polybasic region are linked with RP, indicating its importance in PRCD function (8, 11) .
In this study, we investigate whether PRCD is modified by palmitoyl lipid and seek to understand its importance in retinal function. Multiple studies have shown a role for palmitoyl lipid modification in protein assembly, stability, and activity, as well as interactions with binding partners and membranes (17, 18) . An interesting aspect of protein palmitoylation is its reversibility and therefore the ability to dynamically regulate the membrane association of proteins. Improper protein sorting associated with defective palmitoylation has been linked to a variety of diseases ranging from colorectal cancer, hepatocellular carcinoma, X-linked mental retardation, schizophrenia, and Huntington's diseases (18 -20) . In retina, palmitoylation of rhodopsin, the G protein-coupled receptor (GPCR) at cysteine residues 322 and 323, is crucial for its stability and proper function of rod photoreceptor cells (21, 22) . The loss of palmitoylation in rhodopsin enhances the light-induced photoreceptor degeneration (21) . In this study, we demonstrate that the palmitoylation of PRCD is crucial for protein stability and trafficking to subcellular compartments. proteins in mouse retina as described earlier (23, 24) . Briefly, this method uses hydroxylamine to remove the labile palmitoyl group, leading to the generation of free cysteine residues in palmitoylated proteins. These proteins were then captured using a thiopropyl-Sepharose column. Retinal extracts were subjected to treatment with hydroxylamine (ϩHAM), and a portion of the extracts was treated with the vehicle NaCl (ϪHAM), which served as a control. To evaluate the validity of the method used, we first tested the enrichment of known palmitoylated proteins. Immunoblot of purified palmitoyl extract (ϩHAM) shows that the acyl-RAC method purifies G o ␣ and rhodopsin, in comparison with ϪHAM control ( Fig. 1A ) (25, 26) . Phosphodiesterase-6 (PDE6) ␣ subunit, a protein that is not palmitoylated, was not detected in the ϩHAM palmitoyl protein pool (Fig. 1A) . These results demonstrate the robustness of the acyl-RAC assay in identifying palmitoylated proteins (n ϭ 6). We then used this method to examine the palmitoylation of PRCD. Hydroxylamine cleavage and further capture by a thiopropyl-Sepharose column isolated a majority of PRCD present in retinal extracts from wild type animals (Fig. 1B, lane  3) . In contrast, PRCD was not present in retina lacking photoreceptors (AIPL1-KO) (27) and consequently was not purified by the acyl-RAC method (Fig. 1B, lane 7) . As a positive control, a known palmitoylated G o ␣ was purified from wild type and AIPL1-KO retinal extracts (Fig. 1B, bottom panel, lanes 3 and  7) . Altogether, these results demonstrate that PRCD is potentially palmitoylated and is exclusively present in photoreceptor neurons.
C2Y Mutation Destabilizes PRCD-To evaluate the importance of palmitoylation in PRCD, we cloned gBlocks gene frag-ments of human wild type PRCD (PRCD WT) and mutants p.C2Y and p.V30M (PRCD C2Y and PRCD V30M, respectively) under the control of the ubiquitous chicken ␤-actin promoter (CAG) (Table 1) (28) . Because PRCD is a small protein, we used a C-terminal HA tag to assess the PRCD protein stability. In the same construct, we used GFP as an internal control, which is independently driven by an internal ribosome entry site (IRES) (Fig. 2, A and B) . The PRCD WT and mutant plasmids were transiently transfected into human retinal pigment epithelial cells 1 (hRPE1) cells. Immunoblotting analysis revealed a robust expression of PRCD WT in hRPE1 cells (Fig. 2 , C and D). In contrast, expression of HA-tagged mutant PRCD C2Y was reduced by Ͼ90% ( Fig. 2, C and D) . The internal GFP, serving as a transfection control, showed similar expression in both PRCD WT-transfected and C2Y-transfected cells (Fig. 2C ). To study the role of tyrosine in protein stability, we mutated cysteine to serine (p.C2S) instead of tyrosine. The C2S mutation exhibits similar results as C2Y, suggesting that the cysteine is playing a role in protein stability ( Fig. 2E ). These results imply that neither tyrosine nor serine affects the protein stability. To test whether destabilization of the protein is a common mechanism behind PRCD-RP, we examined the stability of another mutant V30M, which is also linked with human RP (8) . In this case, unlike C2Y, the stability of the V30M mutant protein was similar to wild type PRCD ( Fig. 2F) .
Palmitoylation is the modification of cysteine residues with 16-carbon fatty acid palmitate. As indicated in Fig. 2A , the only cysteine residue in PRCD is in position 2, which is mutated to tyrosine (C2Y) in humans and multiple dog breeds (8, 9, 29) . This change is expected to alter or inhibit the palmitoyl modi- Retinal extracts from aryl hydrocarbon receptor-interacting protein like-1 (Aipl1) knock-out lack PRCD as indicated (panel 1, lanes [5] [6] [7] [8] . As a positive control, known palmitoylated protein G o ␣ is shown (panel 2, lanes 3 and 7, ϩHAM). C, a conserved cysteine residue (red), transmembrane helices (blue), and positively charged residues (pink) are indicated among vertebrate animals (n ϭ 6).
TABLE 1 The gBlocks fragments of human PRCD wild type and mutant gene sequences were synthesized from Integrated DNA Technologies used for cloning into pGAG-EGFP vector for cell culture and subretinal injection studies
The restriction sites for cloning in to pGAG-EGFP vector are underlined, and the bolded sequences in the 3Ј sites represent the HA epitope tag. The changes made in the sequence according to human mutations are underlined and bolded. 3) . The hRPE1 cells served as a control and did not express PRCD protein (n ϭ 3). F, similar to wild type, PRCD V30M mutation did not affect protein stability. GFP served as an internal control (n ϭ 3). G, transiently expressed PRCD in hRPE1 is palmitoylated (lane 3, ϩHAM). The experimental strategy used for assaying palmitoylation is as described in Fig. 1 . The C2Y mutant PRCD is not palmitoylated (lane 7). Non-palmitoylated GFP served as an internal control (n ϭ 3). T, total retinal extract; U, unbound protein; E, eluted protein.
fication. To test this, we first evaluated the palmitoylation of PRCD WT using the acyl-RAC method as described earlier.
Our results show that the PRCD WT transiently expressed into hRPE1 cells is palmitoylated (Fig. 2G, lane 3) . In contrast, C2Y mutant, although reduced in expression, was not palmitoylated as judged by acyl-RAC method (Fig. 2G, lane 7) . Collectively, these results suggest that palmitoylation in the PRCD protein is essential for the stability of PRCD. Palmitoylation of PRCD Is Needed for Protein Stability-Protein instability in PRCD C2Y mutant could be due to defective protein palmitoylation or to the loss of the cysteine. To differentiate these possibilities, we inhibited palmitoylation using the non-metabolizable palmitate analog 2-bromopalmitate (2-BP), a widely used palmitoyl inhibitor (30 -32) . Human RPE1 cells transiently transfected with PRCD WT, PRCD C2Y, and PRCD V30M were treated with 150 M 2-BP and vehicle DMSO for 24 h after transfection. The palmitoylation of PRCD WT treated with 2-BP was reduced by about 75% when compared with vehicle DMSO, whereas no change was observed in PRCD C2Y protein treated with 2-BP and vehicle DMSO (Fig. 3 B). Similar to PRCD WT, PRCD V30M mutant protein levels were reduced by 65% after treatment with 2-BP ( Fig. 3C ). As expected, no changes have been observed in GFP protein levels in the cells treated with 2-BP ( Fig. 3 , A and C). Taken together, these results demonstrate that palmitoylation is crucial for the stability of PRCD protein.
Furthermore, to analyze destabilization of PRCD C2Y mutant protein, we treated cells with the proteasome inhibitor MG132 (10 M) (33, 34) . We observed that the stability of mutant (C2Y) PRCD was elevated by 3-fold when compared with vehicle DMSO-treated cells (Fig. 3D, compare lanes 3 and  4) . Also, the levels of wild type PRCD in cells treated with MG132 increased by 2-fold when compared with vehicle DMSO control (Fig. 3D, compare lanes 1 and 2) . These results suggest that palmitoylation is necessary for protein stability, and palmitoylation-deficient PRCD undergoes rapid proteolytic degradation. To understand further, we have compared the decay of both wild type and mutant (C2Y) PRCD in hRPE1 cells treated with cycloheximide, a protein synthesis inhibitor that blocks de novo protein synthesis (35) . We found that C2Y mutant protein levels were significantly destabilized within an hour when compared with wild type PRCD (Fig. 3 , E and F). The levels of control GAPDH did not show any changes (Fig. 3 , E and F). In sum, these results demonstrate that palmitoylation in PRCD is important for protein stability. In the absence of palmitoylation, PRCD undergoes rapid proteasome degradation within an hour of its synthesis.
As an independent approach to confirm the palmitoylation of PRCD, we cultured retina from C57Black6/J animals in the presence of alkyne fatty acid analog 17-octadecynoic acid . Previous studies have shown that 17-ODYA is incorporated into endogenous palmitoylation sites (30, 31) . We performed ex vivo PRCD palmitoylation in murine retina treated with 20 M 17-ODYA or with vehicle control DMSO. These retinas were used for immunoprecipitation with affinity-purified PRCD antibody. To visualize 17-ODYA incorporation, we performed "click chemistry" with tetramethylrhodamine (TAMRA) azide by a copper-catalyzed reaction (31) ( Fig. 3G ). Click chemistry identified PRCD exclusively in retina incubated with 17-ODYA when compared with vehicle DMSO (Fig.  3H, top panel) . A similar experiment testing 17-ODYA incorporation was performed with hRPE1 cells transiently transfected with HA-tagged human PRCD WT (Fig. 3H, bottom  panel) . Similar to the retinal ex vivo experiment, we observed incorporation of the palmitoyl analog in PRCD WT when compared with vehicle DMSO-treated cells (Fig. 3H, bottom panel) . In contrast, we did not observe any detectable incorporation of 17-ODYA in cells expressing mutant C2Y in agreement with our earlier results showing that this PRCD mutant is defective for palmitoyl modification (data not shown). Overall, these results confirm PRCD palmitoylation in native retinal tissue and cell culture, and show that palmitoylation in PRCD is crucial for protein stability.
Palmitoylation Is Important for Proper Targeting and Localization-We examined the localization of PRCD in the mouse retina using our custom-generated PRCD antibody and found that PRCD is localized in the photoreceptor OS. Cyclic nucleotide-gated channel (CNGA1/3), a known marker for photoreceptor OS, was used as a control. Our results show exclusive localization of PRCD in the photoreceptor OS in agreement with previously published results ( Fig. 4A) (16) . However, the mechanism of exclusive targeting and localization of PRCD in the photoreceptor OS is unclear. To understand the importance of palmitoylation in PRCD protein trafficking, we introduced plasmids expressing HA-tagged PRCD WT and C2Y into murine photoreceptor cells by subretinal injection followed by in vivo electroporation (Fig. 4B ). Retinal sections show expression of PRCD WT in the photoreceptor OS (Fig. 4B, top panel) , whereas GFP expression was mainly observed in the IS as observed in earlier studies (36, 37) . In contrast, the mutant PRCD C2Y was co-localized with GFP in the IS (Fig. 4B, lower panel) . We summarize based on these results that palmitoylation in PRCD is needed for targeting to the photoreceptor OS.
Association of PRCD with Membranes Is Not Dependent on Palmitoylation-A previous study revealed that PRCD is one of 11 proteins exclusively present in the photoreceptor disc membrane (16) . We wanted to investigate the contribution of protein palmitoylation in the membrane association of PRCD. We first determined the subcellular location of PRCD in transiently transfected hRPE1 cells. Our subcellular fractionation showed that the majority (85%) of PRCD was present in the membrane fraction ( Fig. 5A) . Interestingly, wild type PRCD treated with palmitoyl inhibitor (2-BP) and severely destabilized PRCD C2Y mutant were also enriched in the membrane fraction ( Fig. 5A) . A marker for endoplasmic reticulum (calnexin) was used as a marker for membranes, and GAPDH was used as a cytosolic marker in the subcellular fractions. As a control, tubulin was observed in both soluble and membrane fractions (Fig. 5A) .
Overall, these results demonstrate that despite the loss of palmitoylation, exogenously expressed PRCD remains in the membrane fraction. To understand the need of palmitoylation in PRCD for its membrane association, we examined PRCD membrane association in native retinal lysates after removal of the palmitoyl group by HAM. Our results show that the majority of PRCD remains in the membrane fraction even after treatment with 300 M HAM. In contrast, G o ␣, a known palmitoylated protein dependent on the palmitoyl group for membrane attachment, was found in the soluble fraction after HAM treatment ( Fig. 5B ). As controls, the transmembrane protein retinal guanylate cyclase (RetGC1) and rod transducin ␣ subunit did not exhibit any change in distribution after HAM treatment ( Fig. 5B ). As a cytosolic marker, we used AIPL1, which is present in the soluble fraction, and no changes were observed after HAM treatment (Fig. 5B ). Together with these results, we speculate that the palmitoylation of PRCD is not the major determinant for its membrane association. Palmitoylation Enzyme zDHHC3 Augments PRCD Palmitoylation and Stability-Palmitoylation is catalyzed by the zDHHC (Asp-His-His-Cys zinc finger) family of palmitoyl acyltransferase (PAT) proteins typically located in endomembranes (38) . To identify the PAT that influences the palmitoylation and stability of PRCD, we screened several PAT enzymes by cotransfecting with PRCD constructs in hRPE1 cells. The screened PAT enzymes were selected based on their expression pattern within the retina (39) . Among zDHHCs 2, 3, 5, and 6 that were co-transfected with PRCD ( Fig. 6D) , the most striking difference in the levels of PRCD and its palmitoylation was observed with zDHHC3 ( Fig. 6, A-C) . In comparison, zDHHCs 2, 5, and 6 did not show appreciable enhancement of PRCD levels, suggesting that zDHHC3, a Golgi-resident PAT enzyme, is likely responsible for PRCD palmitoylation (Fig. 6) (32, 41) . As expected, no obvious differences were observed in PRCD C2Y mutant (Fig. 6A ). As described earlier, GFP was used as an internal control for protein stability (Fig. 6A, top panel) . Furthermore, the palmitoylation status of PRCD protein co-expressed with zDHHC3 is enhanced approximately 5-fold higher than the control that lacks DHHC3 overexpression (Fig.  6C, ϩHAM) . These results suggest that PRCD is palmitoylated by zDHHC3 at the Golgi compartments. Defects in this process lead to mistargeting of the PRCD protein, followed by severe reduction in protein level by proteolytic degradation.
Discussion
The present study demonstrates that the sole cysteine residue in PRCD associated with RP in humans and multiple dog breeds (C2Y) is post-translationally lipid-modified by palmitoylation. Furthermore, palmitoylation is essential for protein stability and targeting to photoreceptor outer segments. Our studies also show that PRCD is strongly associated with the membrane and that this association is independent of its palmitoylation status.
Protein palmitoylation is a common post-translational lipid modification in a protein, where a 16-carbon palmitic acid is attached to the cysteine residue through a reversible thioester linkage. Unlike prenylation and myristoylation, palmitoylation is unique in that it is a reversible process and there is no consensus sequence requirement. Protein palmitoylation contributes to various cell signaling events including membrane association, protein trafficking, and stability (18, 42) . Defects in palmitoylation are also implicated in a variety of diseases (20, 42) . In retina, abolishing palmitoylation in rhodopsin leads to visual impairment and light-induced photoreceptor degeneration (21) . However, the importance of palmitoylation and the palmitoylated substrates in retinal photoreceptor neurons is poorly understood. The present study confirms PRCD palmitoylation by multiple approaches in both native retinal tissues and an in vitro cell culture systems, and shows that defective palmitoylation profoundly affects the stability of the PRCD protein.
Although it is clear that palmitoylation affects the post-translational stability of PRCD, lipid modification does not play a significant role in membrane association. Because PRCD does not have a known transmembrane domain, the strong membrane association is unclear. We speculate that the highly conserved N-terminal region of PRCD that is predicted as transmembrane helices (aa 3-15) could be a primary determinant for PRCD peripheral membrane association. In addition to this, we also believe that a potential polybasic region (aa 16 -18) adjacent to transmembrane helices plays a synergistic role in membrane attachment. Polybasic regions (PBR) in small GTPases such as K-Ras4B have been shown to enhance membrane association with negatively charged phospholipids in the plasma membrane (43, 44) . We speculate that the PBR in PRCD could be contributing similarly along with adjacent hydrophobic transmembrane helices. Interestingly, there are two mutations in the PBR of PRCD (R18X, R17C) that are associated with blinding diseases. The R17C mutation in particular might indicate the importance of PBR that could be further evaluated for understanding the specific role of PBR in PRCD membrane association (8, 11) .
Although it is clear that factors other than palmitoylation are contributing to membrane association, our studies indicate that palmitoylation is crucial for proper OS localization. Our in vivo electroporation studies show a clear discrepancy in localization of palmitoylation-deficient PRCD. Our results strongly support the idea that post-translational lipid modification is required for PRCD to properly associate with the transport vesicles and ultimately traffic to the OS. The loss of palmitoylation could result in aggregation of protein in the cytoplasm/endomembrane, leading to severe proteolytic degradation.
The addition of palmitoyl lipid is catalyzed by PAT enzymes characterized by the presence of zDHHC domain in the endomembrane. We observed significant enhancement of PRCD palmitoylation in presence of zDHHC3, an enzyme that is present in the Golgi compartment (40, 41) . It is important to note that the observed enhancement was specific and was not found when other zDHHCs were overexpressed. These results imply that PRCD palmitoylation is processed in the Golgi compartment. After synthesis in the cytosol, many peripheral membrane proteins are targeted to the Golgi for palmitoylation and then trafficked to their destination (45) . Overall, our findings suggest that the palmitoylation process in PRCD is crucial for efficient trafficking to the photoreceptor OS. We believe that lack of palmitoylation could cause two problems that proceed to cellular dysfunction: 1) defects in trafficking to photoreceptor OS, and 2) mistrafficking and aggregation in subcellular compartments. The latter of these may be creating additional cellular stress, which would cause protein destabilization and photoreceptor dysfunction.
In conclusion, this is the first study that reveals palmitoyl lipid modification in a photoreceptor disc-specific protein, PRCD, that is linked with RP blinding disease. Our findings show that palmitoylation is crucial for protein stability and is needed for trafficking of PRCD to photoreceptor OS. As demonstrated earlier in canine models, the C2Y mutation in PRCD leads to disorganization of photoreceptor OS disc membranes due to defects in renewal and/or phagocytosis (14, 15) . However, the precise role of PRCD in photoreceptor function and OS maintenance needs to be clarified further.
Experimental Procedures
Animals-All handling, care, and experimental procedures involving animals were performed in accordance with the National Institutes of Health guidelines, and the protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at West Virginia University.
Reagents and Antibodies-Cell cultures were maintained in DMEM/F12 containing L-glutamine and 15 mM HEPES (Medi- PRCD -C2Y PRCD -WT PRCD mutV30M -2 3 5 6 zDHHCs FIGURE 6. PAT zDHHC3 enhances PRCD palmitoylation and stability. A, selected zDHHC plasmids were transiently co-transfected with wild type and PRCD mutant plasmids (C2Y and V30M) into hRPE1 cells. The immunoblotting analysis shows that the zDHHC3 enzyme enhances wild type PRCD by 5-fold higher when compared with control (lane 1), while other enzymes (DHHCs 2, 5 and 6) did not show any significant enhancement of PRCD. C2Y mutant PRCD did not show any changes in protein levels when co-transfected with zDHHCs. The stability of PRCD mutant V30M was enhanced similar to the wild type. GFP served as an internal control (n ϭ 3). B, graph shows the relative expression of wild type and C2Y mutant PRCD protein (C2Y and V30M) with zDHHCs (**, p Ͻ 0.0001; n ϭ 3). C, immunoblots of palmitoyl assay samples purified by the acyl-RAC method show robust expression and the palmitoylation of wild type PRCD with zDHHC3 when compared with control with no zDHHC3 (lanes 1 and 5) . No proteins were observed in ϪHAM samples (lane 3) (n ϭ 3). T ϭ total, UB ϭ unbound, E ϭ elution. D, immunoblots of zDHHCs protein levels transiently transfected in hRPE1 cells (n ϭ 3).
atech Inc. Manassas, VA). FBS and antibiotics (penicillin-streptomycin solution) were obtained from HyClone Laboratories, Logan, UT. Trypsin (0.25%) EDTA (1 mM) was obtained from GIBCO, Life Technologies. MG132 was obtained from Cayman Chemical Co. (Ann Arbor, MI), and cycloheximide was from Calbiochem. The PRCD antiserum was raised in rabbits using a peptide antigen (C-terminal peptide, CDGTVVGSGSDT-DLQSTGREKGPVK) that corresponds to the mouse PRCD by Pacific Immunology, Ramona, CA. The antibody was affinitypurified using the antigen peptide coupled to sulfo-link resin (Thermo Scientific). We also used the following commercial antibodies and reagents: anti-GFP (Millipore); HA (Sigma-Aldrich); CNGA-1/3 (NeuroMab); calnexin (Novus); tubulin (Sigma); RetGC1 (Millipore); PDE6␣ (Millipore); G␣ T1 and G o ␣ (Santa Cruz Biotechnology); and GAPDH mouse monoclonal antibody 10RG109a (Fitzgerald Industries).
Acyl-RAC Purification of Palmitoylated Proteins-Palmitoyl modification of PRCD was assessed using previously published methods (23, 24) . Retina or transiently transfected hRPE1 cells were homogenized in ice-cold lysis buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100 plus protease and phosphatase inhibitors). After a brief centrifugation at 500 ϫ g for 5 min, the supernatant was collected into another tube and the free cysteine residues present in supernatant (ϳ2 mg of total protein) were blocked with S-methyl methanethiosulfonate (Sigma) in the blocking buffer (100 mM HEPES, pH 7.5, 1 mM EDTA, 0.1% S-methyl methanethiosulfonate plus 2.5% SDS) at 40°C for 10 min. Proteins were precipitated with ice-cold acetone kept at Ϫ20°C for 30 min and centrifuged at 10,000 ϫ g for 12 min at 4°C, and pellets were washed five times with 70% ice-cold acetone. After a thorough wash, the pellet was air-dried at room temperature for 10 min and re-suspended with 300 l of binding buffer (100 mM HEPES, 1 mM EDTA, 1% SDS plus protease and phosphatase inhibitors). To this mixture (250 l), 40 l of thiopropyl-Sepharose beads (GE Healthcare) and 40 l of 2 M hydroxylamine were added. For the control, 40 l of 2 M NaCl was added to another tube containing samples with thiopropyl-Sepharose beads. After incubation for 3 h at room temperature, beads were washed four times with binding buffer, and the proteins were eluted from the column with binding buffer containing 50 mM DTT. The eluted proteins were further analyzed by SDS-PAGE electrophoresis and Western blotting. Membranes were scanned using an Odyssey Infrared Imaging System (LI-COR Biosciences).
Cloning and Cell Transfection-The human PRCD constructs encoding wild type and mutants (C2Y and V30M) with the C-terminal HA epitope-tagged gBlocks gene fragments (200 ng) were custom-synthesized from Integrated DNA Technologies. These epitope-tagged gene fragments were cloned into pCAG vector under CAG, and in-frame with IRES-EGFP, they were transiently expressed in the hRPE1. Table 1 presents details of gBlocks PRCD sequence constructs for both WT and mutants.
The hRPE1 were maintained in DMEM/F12 medium supplemented with 10% FBS and 1% penicillin and streptomycin in a sterile incubator at 37°C and 5% CO 2 . Cells were cultured in 100 ϫ 20-mm dishes for 72 h. Confluent cells were disassociated with 1 ml of 0.25% trypsin-EDTA and seeded for transient transfections in 6-well plates at 4.5 ϫ 10 4 cells/well. Cells were transfected 24 h after plating with transfection reagent TansLT1 (6 l/well), serum-free medium (0.25 ml/well), and plasmid DNA at 2.4 g/well. At 24 h after transfection, the cells were treated with 150 M 2-BP, or at 48 h after transfection, treated with 20 M MG132 (8 h), or to block the de novo protein synthesis with cycloheximide (50 g/ml), treated with different timing (0, 0.5, 1, 2, 4, and 8 h). Cells were collected at 48 h after transfection with Hanks' balanced salt solution containing 1 mM EDTA and prepared for protein analysis as described below.
Metabolic Labeling-Palmitoyl chemical analog 17-ODYA (Cayman Chemical Co.) was used for metabolic labeling. Transient transfection of PRCD wild type and C2Y mutant with 70% confluence hRPE1 cells in 100-mm tissue culture dishes was performed with 100 M 17-ODYA or vehicle DMSO for 48 h (30, 46) . To facilitate dissolution of 17-ODYA in the medium, 75 l of 20 mM 17-ODYA stock in DMSO (or vehicle DMSO only) was mixed with 150 l of 10% fatty acid-free bovine serum albumin (Sigma) and was added to 15 ml of DMEM, and the mixture was vortexed prior to being added to cells. After 48 h, the cells were collected in 1.5-ml Eppendorf tubes and lysed with 1ϫ PBS containing protease and phosphatase inhibitors, 10 M HDSF and 1.0% Triton X-100, and detergent-soluble proteins pellets were collected by centrifugation (12,000 ϫ g for 10 min). Mouse retinal PRCD was immunoprecipitated by affinity-purified polyclonal anti-PRCD (rabbit), and hRPE1 cells transiently expressing PRCD were immunoprecipitated by HA beads. The copper-catalyzed click chemistry reaction was performed in beads using azide-rhodamine as described by the manufacturer (Invitrogen). Samples were prepared in 1ϫ Laemmli sample buffer containing 2-␤-mercaptoethanol. Samples were not boiled prior to SDS-PAGE. Labeled proteins were separated by SDS-PAGE, and rhodamine azide-labeled proteins were detected by a Typhoon scanner (Bio-Rad).
Immunocytochemistry-Human RPE-1 cells were seeded onto coverslips in 6-well plates and transfected 24 h after plating with wild type or mutant PRCD constructs. After 48 h of growth, cells were washed with 1ϫ PBS and fixed in 4% paraformaldehyde for 15 min. Fixed cells were washed with 1ϫ PBS, permeabilized with cold methanol for 10 min, and washed three times with 1ϫ PBS before blocking with 2% goat serum solution for 1 h. Blocked cells were incubated overnight in 1ϫ PBS containing 0.1% Triton X-100 (PBS-Triton) and primary antibody overnight at 4°C. Cells were washed with 1ϫ PBS containing 0.1% Triton X-100 before incubation with secondary antibody and DAPI for 1 h. Cells were then washed with PBS-Triton X-100 and mounted with ProLong Gold mounting solution (Life Technologies).
Immunohistochemistry-Enucleated mouse eyes were punctured with a needle and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) at room temperature for 10 min. Eyecups were processed after removal of both cornea and lens, and the tissue was further fixed in 4% paraformaldehyde for 1 h at room temperature. Eyecups were cryoprotected in 20% sucrose in 1ϫ PBS overnight at 4°C. The tissue was then frozen in optimal cutting temperature compound (OCT) on dry ice and stored at Ϫ80°C. Cryosections were cut at 16 m and collected on Superfrost Plus slides (Fisher Scientific). For immunohistochemistry, the OCT was washed three times with 1ϫ PBS and incubated in block buffer containing 2% goat serum for 1 h prior to incubation with primary antibody overnight at 4°C. Primary antibody was washed with 1ϫ PBS containing 0.1% Triton X-100, and sections were incubated in the appropriate secondary antibody (Odyssey Alexa Fluor 488 or Alexa Fluor 568, LI-COR Biosciences, diluted with the same buffer used for the primary antibody) at 1:1,000 dilutions for 1 h at room temperature. DAPI (1:5000, Molecular Probes) used as a nuclear stain was added with secondary antibody. Slides were mounted with ProLong Gold antifade reagent (Life Technologies) and coverslipped (1 mm). Confocal imaging was performed at the WVU microscope imaging facility with a Zeiss LSM 510 laser scanning confocal on an LSM Axioimager upright microscope using excitation wavelengths of 405, 488, and 543 nm.
Retinal PRCD Extraction-Flash-frozen C57/black/129 SvE retinal tissues were homogenized four times with ice-cold isotonic buffer (1ϫ PBS) containing protease and phosphatase inhibitors. The retinal lysates were centrifuged at 300 ϫ g for 4 min to remove tissue debris. The supernatants were collected into two fresh tubes and labeled as ϩHAM (300 M hydroxylamine) and ϪHAM (300 M NaCl). Equal volumes of protein samples were incubated at room temperature for 2 h with ϩ or ϪHAM. After incubation, samples were centrifuged at 45,000 rpm for 15 min at 4°C. The soluble supernatant fraction was collected to a fresh Eppendorf tube, and the pellet fraction was re-suspended with an equal volume of isotonic buffer. Fractions obtained were prepared for Western blotting with the indicated antibodies as described in the "Immunoblotting" section.
Subcellular Protein Fractionation-For the subcellular protein fractionation study, we used a subcellular fractionation kit for cultured cells (Thermo Scientific). We performed experiments as per the manufacturer's instructions. Transiently transfected hRPE1 cells with HA-tagged WT and mutant (C2Y) PRCD were harvested at 48 h after transfection. The pelleted cells were re-suspended in cytoplasmic extraction buffer containing protease inhibitor, incubated at 4°C for 10 min, and centrifuged at 500 ϫ g for 5 min to obtain cytosolic fraction. The pellet was re-suspended with ice-cold membrane extraction buffer, vortexed, incubated at 4°C for 10 min, and then centrifuged at 3000 ϫ g for 5 min at 4°C. The membrane extract supernatant fractions were collected to another tube. The resulting pellets were used for preparing soluble nuclear extract and chromatin-bound nuclear extract using NEB buffer (New England Biolabs) and NEB buffer containing CaCl 2 and micrococcal nuclease as per the manufacturer's instructions. Each fraction was analyzed for PRCD localization by Western blotting using anti-HA antibody. Immunoblotting and protein density measurements were performed as described in the "Immunoblotting" section.
Immunoblotting-Flash-frozen retinal samples (C57black and129SvE) and lysates of hRPE1 cells transiently transfected with PRCD-expressing construct were homogenized by sonication (Microson Ultrasonic cell disruptor) in 1ϫ PBS containing protease and phosphatase inhibitors (Pierce). The protein concentration was measured by using a NanoDrop spectropho-tometer (ND-1000, Thermo Scientific). Equal concentrations (150 g) of total protein samples were resolved in 15% SDS-PAGE and then transferred to an Immobilon-FL membrane. Membranes were blocked with the Rockland blocking buffer for 60 min at room temperature. After blocking, membranes were incubated with primary anti-HA or anti-PRCD antibodies (1:2000) , calnexin (Proteintech), tubulin (Sigma), G o ␣ (Santa Cruz Biotechnology), RetGC1, PDE6␣ (Thermo Fisher), and G␣ T1 (Santa Cruz Biotechnology) (at 1:2000 dilutions) for 2 h at room temperature. After washing the membrane four times with 1ϫ PBST, the secondary antibodies, Odyssey goat antirabbit Alexa Fluor 680, Odyssey goat anti-rabbit Alexa 680, and goat anti-mouse 680 (LI-COR Biosciences) were used at a 1:50,000 dilutions for 30 min at room temperature. After washing three times with 1ϫ PBST, membranes were scanned and protein density was measured using an Odyssey Infrared Imaging System (LI-COR Biosciences) according to manufacturer's instructions.
Subretinal Injection-Purified PRCD plasmid DNA at 2.5 g/l containing 0.1% fluorescein sodium (100 mg ml Ϫ1 AK-FLUOR, Alcon, Fort Worth, TX) was injected into the subretinal space of newborn CD-1 pups as described (40) . After anesthesia, an incision was made at the future eyelid with a 33-gauge needle under a dissecting microscope. The needle was used to make a pinhole puncture in the sclera away from the lens. 0.5 l of DNA was injected through the puncture into the subretinal space using a blunt-end syringe. Five pulses of 80 v at 50-ms duration with 950-ms intervals were then applied with tweezertype electrodes, BTX model 520, 7-mm diameter. All experimental results and conclusions are based on at least three independent experiments
Immunoprecipitation-Cell pellets were re-suspended in 200 l of 1ϫ PBS containing protease inhibitors (Pierce) and homogenized by sonication (Microson Ultrasonic cell disruptor). Triton X-100 was added to a final concentration of 1% and incubated for 10 min prior to centrifugation. The supernatant was collected into a separate Eppendorf tube. 10 l of HA (Roche Applied Science) and/or PRCD affinity matrix beads were added to each sample and incubated on a rotator at 4°C for 3 h or overnight. After incubation, the samples were centrifuged, and a portion of the supernatant was collected. The beads were washed with 1ϫ PBS containing 1% Triton X-100 before preparation for Western blotting analysis as described earlier.
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